This work investigates the composition and the fate of sugars, lipids, proteins, amino acids under aerobic conditions for 13 domestic and 4 agro-industrial wastewaters, sampled before and after treatment. The rates of aerobic degradation were moreover studied with a 21-day continuous aeration batch test. It is shown that the sum of the biochemical forms represented 50 to 85% of the total chemical oxygen demand (COD). Lipids represented the half of the identified COD; sugars and proteins correspond to a quarter of the identified COD. Aerobic processes provided an increase of the relative fractions for proteins, whereas the ones of lipids decreased and sugars fraction remains stable. For the wastewaters released from cheese dairy (lipid-rich) and slaughterhouses (protein/lipid-rich), the dissolved phase after biological treatment is composed of proteins whereas the particulate one is composed of lipids. After the 21-day test, the concentration in proteins was nearby 10 mg/L. The results should be used for operations of WWTP to detect when a dysfunction is about to occur. They can be used to predict the concentrations in the treated water when upgrading an existing municipal plant that will admit agro-industrial discharge.
INTRODUCTION
Treated effluents released by aerobic biological wastewater treatment plants (WWTP) carries a low but non-negligible organic matter (OM) level, with COD generally within the range 45 to 80 mg/L (Duchene & Vanier 2002) . Besides global parameters (like chemical/biological oxygen demand) to improve design and operating of WWTP, fractions of OM related to biodegradability are increasingly used for activated sludge model (ASM) (Henze et al. 2000; Hauduc et al. 2009 ). Today, scientific challenge for modelling require a deeper characterization of OM: anaerobic digestion process (Batstone et al. 2002) in the context of waste-to-energy strategy of future WWTP (Verstraete et al. 2009) , membrane bioreactors, fate of xenobiotics (Barret et al. 2010; Worms et al. 2010) . The individual biochemical forms [lipids (C 8 H 6 O 2 ), proteins (C 14 H 12 O 7 N 2 ) are sugars (C 10 H 18 O 9 )] are macroscopic key-compounds to reach this goal, but various overarching protocols of identification are available in the literature, and unfortunately not applicable to particulate materials: size-distribution, molecular weight, nature of chemical bonds like fluorescence (Jarusutthirak et al. 2002; Sophonsiri & Morgenroth 2004; Worms et al. 2010) .
In ordinary domestic wastewater and for engineering point of view, it is admitted that the biochemical forms represent the OM and are present in almost equivalent amount (Henze et al. 1996) . But, literature articles show a more complex knowledge, with a sum of the biochemical forms lower than COD, that differs according to authors, between 40 to 90% (Raunkjaer et al. 1994; Dignac et al. 2000) . The rest is composed of complex suite of partially metabolized compounds, refractory to hydrolysis, humic-like acids (Namour & Mü ller 1998; Jarusutthirak et al. 2002; Vukovic et al. 2008; Pehlivanoglu-Mantas & Sedlak 2008) . During aerobic treatment, the concentrations of the individual biochemical compounds decrease mainly due to hydrolysis and conversion into biomass (Dignac et al. 2000) . Some case studies have reported partial removal and different concentration levels in the effluents (Barker & Stuckey 1999; Dignac et al. 2000; Jarusutthirak et al. 2002; Shon et al. 2006) . Presently, the detailed characterisation of biochemical forms is used when a dysfunction occurs in WWTP like deterioration of settling or oxygen transfer by residual lipid due to oil discharge (Perle et al. 1995) . Consequently, a limited number of data is available for the concentrations of lipids, proteins and sugars in the influents/effluents of WWTP (Shon et al. 2006) . Nevertheless, these organic compounds may have a significant effect on the subsequent treatment processes and on the environment (Sirivedhin & Gray 2005; Zhang et al. 2008) , and should be important from a process engineering and modelling points of view.
The aim of this paper is to describe and discuss the results of selected chemical methods (sugars, protein and lipid) applied to various raw/treated wastewaters produced by domestic/industrial sources. It elucidates the fate of biochemical fractions during aerobic treatment, and the composition of the inert fractions released to water bodies. The concentrations were measured in the dissolved and particulate phases, at lab-and full-scales. This paper reports original results from a decade ago and have never been published. They remain fully relevant and have been re-discussed against current scientific literature.
MATERIALS AND METHODS

Samples collection
13 raw/treated wastewater (WW) samples were collected at 9 domestic and 4 at agro-industrial WWTP, in the region of Lyon (France), with refrigerated sampling machine (41C) providing 24 hours flow proportional composite samples. Six of the nine WWTP used the activated sludge process operated at different ratio Food to Micro-organisms 
Sample preparation
Successive physical separation steps were applied to obtain 2-liter of the dissolved phase of each samples: first, centrifugation at 3000 g for 20 min, then filtration under vacuum at three different successively-finer pore sizes: glass-fiber membrane, cellulose acetate membrane (pore size 0.45 mm) and polyvinylidene membrane (0.22 mm).
The biodegradable part of COD of some samples was measured with a biological assay operated under high F/M ratio (Stricker et al. 2003) . The protocol consists of a permanent aeration and stirring, at least 21 days, of 50-liter of raw sample with the addition of few millilitre of preconcentrated biological sludge for seeding (centrifugation 1500 rpm for 3 minutes) to prevent from dilution. At predefined timepoints, a 2-liter aliquot of the mixture was sampled and then filtered until 0.22 mm.
Chemical analysis procedures
The conventional variables were measured according to official standard protocols (APHA 1998). Organic nitrogen was calculated as the difference between organic nitrogen (TKN) and ammonium. The biochemical components were measured on raw samples and filtrates according to the protocols described below. The concentrations assigned to the particulate fraction were calculated by subtracting filtrate values from total values. Only particulate sugars and proteins were assayed directly on suspended solid (SS).
Sugars
Monosaccharides were assayed in the dissolved phase following the 3-methyl-2-benzothiazolinone hydrazone (MBTH) hydrochloride (Johnson & Sieburth (1977) ; Dawson & Liebezeit (1981) ]. The oxidation of monomers forms formaldehyde that reacts on the MBTH to form an oxime reacting with ferric iron to yield a coloured complex (under darkness within 4 hours) measured by spectroscopy (635 nm). Water-soluble sugars were determined after the application of an hydrolysis step (HCl 2M, 1001C for 1 hour adapted from Burney & Sieburth 1977) . Polysaccharides are calculated by the difference between the water-soluble sugars and monosaccharides. Particulate sugars were assayed using the phenolsulphuric acid method (Dubois et al. 1956 ) after aggregating the particulate fraction onto a 0.22 mm teflon filters.
Proteins
Micro-BCA protein assay kits (Pierce) in alkaline media were applied. The proteins reduce the reagent copper ions to Cu þ , that reacts with the bicinchoninic acid to form a coloured complex measured by spectrophotometry. The concentrations are calculated against a stock bovine serum albumin (BSA) calibration curve. Possible interferences were studied: Disaccharides (sucrose and polysaccharides like starch) did not introduce any interference; Monosaccharides (glucose and fructose) introduced interference of 0.32 g of protein nitrogen equivalent for 1 mg/L of monomer sugars.
The analysis of proteins in the particulate phase were carried out on the residue obtained after centrifugation (20 min under 3000 g). To promote dispersal, it was dissolved into ultra pure water (1 mL) or into sodium hydroxide (0.01 N) for treated and raw wastewater respectively.
The amino acids were determined by fluorimetry (Udenfriend et al. 1972) applied to the filtrate after reacting against fluorescamine. Fluorescence was measured at 487 nm after excitation at 390 nm. The concentrations are calculated against a Leucine (Sigma)-based calibration curve. Dissolved proteins interfered at 3.2 mg/L leucine for 40 mg/L BSA.
Lipids
Lipids were assessed by infrared spectroscopy at 2927 cm À1 fitting to the CH 2 bond stretching vibrations. The precise lipid content is obtained by the difference between the values for raw extract and purified extract, after elution on a florisil column (NF T90-203). Carbon tetrachloride have now been substituted with chloroform (public health threat reason), and the COD of the extract was measured after saponification with sodium hydroxide. This method is just as sensitive as the CH 2 -index method with no significant difference.
Performance of analytical methods and expression of the results Table 1 presents the limits of quantification of the analytical methods (LoQ), that are suitable for all samples types. The results of the biochemical classes were expressed as COD equivalent (noted CODequiv) with the conversion factor (CF) expressed in mgCODequiv / mgOM_class that were specifically measured (Table 1) .
The accuraces of the methods are about 10%. Equation (1) was used to express f phase (OM_class) defined as the proportion of the COD equivalent of the OM_class compared to the proportion of COD of the considered phase (COD_phase) calculated. Table 2 gives the proportions of each individual biochemical class in domestic raw and treated wastewater for each phases (raw, dissolved and particulate). The biochemical compounds are mainly found in particulate forms in raw domestic and treated wastewater. Nevertheless non negligible concentrations of proteins is contained in the dissolved phase of raw/treated effluents.
In raw wastewaters, the lipids class accounted for the highest contribution among the identified phases with 38% of the total COD (Chipasa & Medrzycka 2006) . Sugars and protein represents 15 to 20% of total COD that represents half of the proportion of lipids. The fraction of amino acids is low (o3%). Sugars are mainly in the polysaccharides form. 74% of the total COD was accounted by the sum of proteins, sugars and lipids. Similar identification rates were reported by Raunkjaer et al. 1994 whereas Dignac et al. (2000 reported a lower identification rate of 50%. The identification rate is higher for particulate form (82%) than for the dissolved fraction of COD (48%). The compounds are mainly present in the particulate form, whereas previously published values have suggested that sugars seemed to be in the dissolved fraction (Shon et al. 2006) .
In treated water, the proteins class accounted for the greatest contribution in each phase (around 30%). Sugars and lipids represents 8 to 12% of the total COD that Dignac et al. (2000) or Sophonsiri & Morgenroth (2004) reported lower and higher identification rates (40% and 93% respectively). It is shown that less OM content is identified in treated wastewater than raw in wastewater (52% vs. 75%) due to the creation of humic substances entering the aromatic cycles (Namour & Mü ller 1998; Dignac et al. 2000) . During aerobic biological treatment process, the distribution of biochemical forms (between dissolved/particulate phases) is modified. We have observed an increase of the proportions of proteins, a decrease for lipids and constant fractions for sugars. Agro-industrial wastewater (slaughterhouse, cheese dairy, starch factory) were characterized by COD in the range of 1000-4600 mg/L. Particulate COD fraction of 50 to 70% were found (slaughterhouse, cheese dairy), and only 6% were measured for starch factory effluent. Table 3 collates the proportions of the different biochemical classes identified.
For raw and treated sewage released from slaughterhouse, the identified COD represented 68 and 65%. These waters were rich in protein and lipid, with lipids mainly present in particulate phase. For the raw/treated sewage released by cheese dairy, the identified COD represented 51% only. A low proportion of sugars was measured (equally distributed across dissolved and particulate phases). The proportion of proteins was similar to the one for domestic wastewater, but lipid proportion was about 30% (Perle et al. 1995; Ijung et al. 2010) . Proteins and lipids were mainly in the particulate phase. In the treated wastewater from aerobic processes, proteins were the major component, and lipid were drastically reduced, mirroring the pattern observed in domestic wastewater treatment. For starch factory sewage, the OM content is exclusively in the dissolved form (particulate accounts for 7%), with 80% sugars, little content of proteins (4%) and lipids. By contrast, for raw/treated from The rate of the decrease of the biochemical forms (expressed in COD equivalent have followed the same pattern than the total/dissolved COD (Stricker et al. 2003) . The final biochemical compositions obtained after 21-day of aerobic treatment (batch tests) is detailed in Table 4 . For raw domestic wastewater under aerobic conditions, lipids disappeared at a faster rate than sugars and proteins (Figure 1a) , at the opposite of anaerobic conditions (Ijung et al. 2010) . Proteins are slower to degrade and show the highest residual content at the end of the test. The different forms of sugars disappear with similar rates (Figure 1b) . After 21 days, the proportions of the biochemical forms in the dissolved phase were: 5% lipids, 6% amino acids, 13% sugars and 29% proteins. This distribution is similar to the one pattern observed for the dissolved phase of treated domestic wastewater ( Table 2) . As a result, the removal rate of proteins could not be increased, and still remains the major component of the dissolved phase following aerobic biological treatment.
The time-course of biochemical forms for slaughterhouse sewage (Figure 2a ) mimics the trends observed at domestic wastewater. Lipids disappeared first (Chipasa & Medrzycka 2006) . Then, sugars disappeared with a lower degradation rate for polysaccharides that need hydrolysis. Finally, proteins decreased before the tenth days. Only trace amounts of monomers (amino acids and monosaccharides) were measured. Figure 2b presents the dissolved COD-course profile for the agro-industrial raw influents (slaughterhouse, cheese 
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dairy, starch factory, centrifugated pig-slurry. The final OM accounted for between 1% and 5% of the initial dissolved OM. For domestic, cheese dairy and starch factory sewages (initial dissolved COD concentrations of 180, 500 and 3500 mg/L respectively), the dissolved COD has reached a final value between 20 and 30 mg/L (Table 4) , with a time-tostabilization of 5 to 10 days (Figure 2b ). For slaughterhouse sewage (initial dissolved COD at 2000 and 1000 mg/L respectively), the final COD concentration is of 90 mg/L. The pig-slurry still harboured a dissolved COD of 800 mg/L after 25 days of treatment.
From the batch experiments it is shown that the concentrations of the biochemical forms can not be reduced, even with long exposure to aerobic conditions, and should not be biologically degradable. The concentrations in proteins have decreased to less than 10 mgCODequiv/L after aerobic treatment for domestic, cheese dairy and starch factory sewages (Table 4 ). This is in the upper values of the range 2-10 mg/L (10 WWTP) reported by (Dignac et al. 2000; Zhang et al. 2008) . Sugars and lipids are low.
Slaughterhouse sewage had a final proteins concentration of 25 mg CODequiv/L, and 332 mg CODequiv/L were measured for proteins in centrifuged pig-slurry. For cheese dairy, the majority of proteins are in the amino acids form, but for the other treated waters, amino acids are the smallest fraction (Table 4) . Sugars (3-15 mgCODequiv/L) are mainly present in the polysaccharides form, and the centrifuged pig-slurry still harboured 122 mg CODequiv/L of sugars. For this waste, sugars may be located in the particulate phase, whereas proteins may be linked to colloidal phase (Christensen et al. 2009 ).
Contribution of aerobic conditions to the removal of biochemical forms and fate in the environment
Data of the apparent removal rates of the biochemical forms determined by this study are presented in Table 5 versus literature values. Under aerobic treatment, lipids are almost totally removed before discharged of treated water (490%). Sugars are removed at 87%, with 72% only for the dissolved fraction. Proteins were partially removed (73% removal rate), but only 50% removal rate for the dissolved fraction. These observations suggest that proteins are partially hydrolyzed / adsorbed but were not reached by biodegradation (Fang & Chung 1999) . Dignac et al. (2000) has reported aerobic removal rates (calculated for dissolved fraction only) similar to those obtained in this study for lipids. We obtained lower removal rates for sugars and above all for proteins. Protein hydrolysis should be increased at pH 410 where chemical pathway prevails, but it already occurs at conventional pH were microbial hydrolysis prevail (Guillen-Jimenez et al. 2000) , as soon as aeration, calcium and magnesium are not limiting. In anaerobic conditions lower removal rates were reported (Table 5 ). The study confirms the relatively high protein contents in the dissolved fraction despite the high exposure time to aerobic conditions. These compounds either resist to biological breakdown due to a too low ammonification and hydrolysis rates, or be formed by decay of biomass (Barker & Stuckey 1999; Dignac et al. 2000) . To go further in the treatment, membrane bioreactor should be set-up, or a first step with anaerobic conditions should be applied, as lab-scale assays has shown that (Ijung et al. 2010) .
Within the receiving compartment, the particulate fraction of effluent is expected to degrade, due to their polysaccharide or proteinaceous nature (Worms et al. 2010) . By contrast, dissolved fraction could be transported for larger distances in the receiving water. Dignac et al. (2000) has suggested that the biodegradation rate should be similar in natural systems and in activated sludge systems because the compositional trends of natural systems and wastewater treatment are similar. In the aquatic environment, the proteins (C 14 H 12 O 7 N 2 ) should be hydrolyzed into amino acids, and then enzymatically transformed into NH 4 -N by heterotroph microorganisms (ammonification) (Tawfik et al. 2008) , giving up to 8.8% nitrogen for one molecule of protein (Henze et al. 1996) . This release still stands for a limited amount of nitrogen compared to the ammonium contained in the effluent of biological nutrient WWTP that aims to limit the free ammonia to 0.02 mg N/L in waterbodies. It should then be oxidized to nitrite and nitrates by autotroph microorganisms (Nitrosomonas and Nitrobacter).
CONCLUSIONS
This study employed chemical methods to quantify the biochemical forms of the organic matter into raw and treated wastewater to go further than the commonly used parameters (like COD), and to study dissolved/particulate distribution. These methods are field-practical, sensitive, and easy to implement, requiring no sophisticated equipment.
It was found that the proportion of COD identified using these methods was around 75% in raw domestic wastewater and 50% in treated effluents, mostly found in particulate form. For wastewater, the half of the identified COD was lipids, sugars and proteins corresponds to a quarter of the identified COD. In biologically treated water, one third of the identified COD was proteins whereas lipids and sugars represents 10%. The proportion of proteins drastically increase in particulate phase, and the COD in the dissolved phase was around 10 mg/L.
For raw agro-industrial wastewater (slaughterhouses, cheese dairies, starch factories), the identified COD ranged from 50 to 85% and 50 to 65% for treated wastewater. In raw wastewater from cheese dairy (lipid-rich) and slaughterhouses (protein-rich and lipid-rich), proteins become the major fraction of the dissolved phase after treatment whereas lipids become the major of particulate phase. Raw wastewater from starch factory is mainly composed of soluble sugars.
21-day aerobic biodegradation tests applied to domestic and agro-industrial wastewater highlighted that lipids were degraded faster than sugars, and faster than proteins. After 10 days, the composition was stabilized. The dissolved COD ranged from 20 to 30 mg/L with dissolved protein concentrations of 10 mg/L.
The results should be used either as a reference in comparison to those that can be measured by a stakeholder when a dysfunction occurs in WWTP. They should also be used when starting a design project (e.g., optimized operational strategies, upgrade, greenfield design) while data are not measured. Predicting the effects on the concentrations in the treated water while an existing municipal WWTP will also admit an agro-industrial discharge is another possible application. 
